We report on the interaction of hen egg-white lysozyme (HEWL) with lipid vesicles in terms of surfaceinduced protein conformational variation and subsequent aggregation. In particular, we investigated the variations of the secondary structure of native lysozyme in the presence of liposomes with different surface charge density, resulting from different molar ratios of the zwitterionic POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) and the negatively charged POPG (1-palmitoyl-2-oleoyl-snglycero-3-phospho-(1 0 -rac-glycerol)). It is well known that the main driving force involved in the interaction between globally anionic liposomes and lysozyme is electrostatic compensation, which, in some cases, produces extended aggregation. Moreover the presence of membranes can induce unfolding in the protein. In order to understand the main determinants of such phenomena, we probed simultaneously lysozyme-induced vesicle fusion events, variations in the secondary structure of the protein and its effect on liposomal membrane fluidity. We found that above a charge-density threshold, the association with vesicles results in modifications of the native structure associated with a decrease of liposomal membrane fluidity. Electron microscopy images revealed that the above described interactions result in mesoscopic structural changes, i.e. liposome clustering and fusion, together with the appearance of elongated structures, reminiscent of fibrillar aggregates. Additionally, a confocal microscopy analysis revealed that upon interaction with giant unilamellar vesicles (GUVs) of the same lipid composition where the above interactions were observed, a prompt insertion of lysozyme in the membrane occurs, leading to vesicle clustering, with the appearance of elongated structures where both the lipid and the protein are present.
Introduction
Protein fibrillization plays a critical role in the pathogenesis of a number of diseases involving the deposition in various organs and tissues of aggregates of a number of different proteins or peptides. 1 The bulk of these deposits is composed of amyloid fibrils, filamentous polymeric structures displaying an ordered bsheet-rich core where the b-strands of the constituting polypeptide chains run perpendicular to the major fibril axis, forming a couple of parallel b-sheets running along it (the so-called crossb structure).
2
Hen egg-white lysozyme (HEWL) is a small globular, strongly basic protein (pI ¼ 11.0) bearing a net positive charge over a broad pH range with a high affinity for anionic phospholipid bilayers, 3 whose structure, activity and physicochemical properties have been thoroughly studied. [4] [5] [6] HEWL is structurally homologous to human lysozyme, involved in several destabilizing mutations-related to protein deposition into amyloid plaques found in the liver, kidneys, and spleen of patients affected by non-neuropathic hereditary amyloidosis. [7] [8] [9] [10] [11] Because of its homology to human lysozyme, HEWL has been extensively used as a model in studies for a number of investigations: protein adsorption at interfaces, 12,13 membrane fusion, 14-17 protein folding and aggregation into amyloids. [18] [19] [20] [21] Human lysozyme forms amyloid fibrils in vitro upon incubation at low pH and elevated temperature, 22, 23 whereas HEWL forms amyloid fibrils when incubated in organic solvents 24 or in the presence of negatively charged lipid membranes. 20 Lysozyme strongly binds to negatively charged membranes via electrostatic interactions, resulting in loosening and destabilisation of the whole protein conformation, and in the alteration both of the membrane surface and of the bilayer core structure. 25, 26 In spite of the key importance of the electrostatic interactions, an important role in promoting lysozyme binding to the lipid bilayer is played by hydrophobic interactions too. 27 Previous studies have addressed the effect of lysozyme charge modulation, by variation of both pH and ionic strength, on its interaction with negatively charged phospholipid vesicles, and on the physicochemical properties of both the bound protein and the lipid membrane regions involved in such interactions, resulting in membrane destabilization.
28,29
Membrane association with lysozyme is a multistep process thought to involve both electrostatic and hydrophobic interactions. 10, 17, 23, 26, 27 The steps include: (1) the initial protein adsorption on the lipid bilayer surface driven by ionic and/or hydrogen bond-mediated contacts; (2) the conformational modification of the protein; (3) the structural reorganization of the lipid phase; and (4) the partial insertion of the protein into the hydrophobic core of the bilayer. In agreement with a generally recognized concept, it has been suggested that the structural transition of lysozyme to a partially unfolded, aggregation-prone state is a critical prerequisite for fibrillization. 30 However, in spite of the considerable progress achieved in understanding the mechanisms and pathways of lysozyme fibrillization, the molecular details and consequences of its interaction with lipid membranes remain poorly understood.
31
Protein-mediated cell fusion is a widespread process in cell biology occurring in exocytosis, intracellular vesicle trafficking and others. 32 However, there is a substantial lack of knowledge on the molecular and physicochemical basis of protein interaction with artificial membranes as well as of protein-mediated interaction of the two opposing outer lipid leaflets. 33, 34 Recently, lysozyme has been reported to induce pH-dependent fusion of phosphatidylserine vesicles below pH 5.0 with protein penetration inside the lipid bilayer; 35 however, other authors have reported that lysozyme shows fusion efficiency over a broad pH range with extensive mixing of phospholipids, but not vesicle content, suggesting vesicle aggregation without effective fusion.
36
The present investigation was aimed at improving the knowledge of the effects of different HEWL concentrations adsorbed onto lipid vesicles containing various phospholipids, mixed in different ratios to vary the density of the surface negative charge. In particular our purpose was to gain a deeper understanding on the structural changes that occur simultaneously in the protein and the vesicle membrane upon interaction. These changes lead, in turn, to aggregation and variation of the fusogenic and stability properties of the HEWL/liposome system. Zwitterionic 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipid vesicles and mixtures of POPC with the negatively charged 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1 0 -rac-glycerol) (POPG) vesicles were used as model membranes with different surface charge densities. We investigated the effects of HEWL on the membrane fluidity of liposomes from POPC/POPG by measuring the variation of 1,6-diphenyl-1,3,5-hexatriene (DPH) fluorescence polarization. The effects of phospholipid vesicles on the secondary structure of the protein and on protein aggregates were investigated by means of Circular Dichroism (CD) and Thioflavin T (ThT) binding assay. Finally, a confirmation of the previous observations and a direct visualization of the aggregation phenomena were imaged by Transmission Electron Microscopy (TEM) and Confocal Laser Scanning Microscopy (CLSM).
CLSM is the suitable complementary technique for the above outlined experimental methods, as it permits a direct visualization of the interaction between giant unilamellar vesicles (GUVs) and HEWL. In fact, the choice of fluorescent tags with different emission wavelengths allowed distinguishing protein from lipids. Therefore, labeling GUVs with the lipid probe 1-oleoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl}-sn-glycero-3-phosphocholine (POPC-NBD) and labeling HEWL with 5-carboxytetra methylrhodamine (5-TAMRA) allowed direct observation of the protein fusogenic activity. Moreover, thanks to the selective staining of lipids and protein, a visualization of the formed structures was possible, as well as a 3D image acquisition of these aggregates by CLSM.
Our results can also be relevant to clarify the mechanism of the bactericidal and tumoricidal action of lysozyme and other amyloidogenic proteins. In fact, previous research has stressed that lysozyme cytotoxicity is related to its ability to penetrate into the lipid bilayer and to permeabilize the cell membrane upon aggregation. 20, 37, 38 Results and discussion HEWL effects on liposomes: aggregation and alteration of the fluidity of the phospholipid membrane
The effect of different HEWL concentrations on the size of the aggregates grown in the presence of POPG liposomes was investigated by Dynamic Light Scattering (DLS). The samples were mixed and incubated at room temperature for 20 min before measurements. The autocorrelation functions were inverted with the CONTIN algorithm to minimize possible artefacts of the Laplace inversion. The results are shown in Fig. 1 as intensityweighted size distributions. In the absence of HEWL, the vesicles displayed a narrow size distribution centred around $65 nm diameter. After incubation with 0.05 mg ml À1 HEWL two new populations of scatterers, with diameters of $250 and $1000 nm, respectively, appeared, indicating vesicle aggregation/fusion, Fig. 1 together with an apparently modest residual distribution of the original vesicle population. Incubation with 0.1 mg ml À1 HEWL, corresponding to a $1056 HEWL/liposome molar ratio, resulted in protein-vesicle complexes with two size distributions with diameters of $180 and $1500 nm, respectively, and the complete disappearance of the initial unperturbed liposome population, indicating that all the vesicles were involved in aggregation.
These data support an aggregation and/or fusogenic activity of HEWL on pure POPG vesicles favoured by the high density of negative charge, in agreement with previous results.
Interestingly, the size distribution is, for these samples, bimodal, and characterized by the presence of a cluster of several liposomes, and a population characterized by micron-sized aggregates. A similar fusogenic activity leading to vesicle aggregation has been reported for other proteins and peptides.
38-40
The ability of HEWL to perturb lipid bilayers, as a function of the negative charge density, was investigated by measuring the membrane fluidity through the fluorescence polarization (P) of 1,6-diphenyl-1,3,5-hexatriene (DPH). DPH is a fluorescent probe that distributes throughout the hydrocarbon region of the membrane bilayer, whose fluorescence polarization (P) is sensitive to variations of membrane fluidity.
41
As Fig. 2 shows, we observed no changes of membrane fluidity in vesicles composed of pure POPC incubated with the whole range of HEWL concentrations, indicating that, under these experimental conditions, the protein does not apparently penetrate inside the bilayer. Conversely, an increase of HEWL concentration was associated to a decrease of membrane fluidity for vesicles containing >10% POPG. Moreover, in the presence of such detectable protein-vesicle interactions, a saturation threshold was evident around 0.3 mg ml À1 HEWL, corresponding to a protein/liposome molar ratio of $3162, i.e. well below the liposomal saturation coverage, which is around 10 5 HEWL molecules/liposome, considering a cross section of 13.5 A 2 for the protein. This phenomenon is a consequence of the restriction of the DPH rotational mobility due to a decreased rate of transgauche isomerization of hydrocarbon chains.
The negatively charged lipid membrane attracts cationic protein (lysozyme) to its surface, where it finds an anisotropic environment. The dynamic nature of the lipid bilayer, characterized by conformational fluctuations, allows a mutual adjustment of both lipid and protein conformations and localization to occur. 17 Immediately after its interaction within the lipid bilayer, lysozyme undergoes conformational changes with subsequent reorganization (oligomerization) that leads to vesicle clustering and amyloid fibril formation. [42] [43] [44] [45] The concomitant presence of these effects contributes to a decrement of the lipid membrane fluidity (1/P).
These data agree with previous reports on Ab40 and PrP 46, 47 and indicate the importance of the lysozyme/liposome ratio in modulating not only vesicle aggregation, but also membrane fluidity, most likely resulting from protein insertion within the bilayer, as shown for many other proteins. 48 However, the reported alteration of membrane fluidity in the presence of HEWL can also be the result of other modifications of the bilayer such as aggregate-induced lipid dehydration, 49 reduction in bilayer free volume, presumably caused by an increased packing density of hydrocarbon chains 50 or any alteration of the order of the phospholipid tails.
Such results suggest that both the occurrence and the extent of HEWL interaction with the lipid bilayer of liposomes depend on protein concentration and charge density at the vesicle surface. Therefore the protein, recruited by electrostatic driving forces at the membrane surface, both reduces the membrane fluidity through the partial insertion into the lipid core and screens the electrostatic repulsion between the negatively charged liposomes.
These results are also in agreement with previous findings showing local demixing in phospholipid vesicles incubated in the presence of lysozyme.
51

Structural modifications of HEWL upon interaction with negatively charged vesicles
Once the effect of HEWL on the stability and fluidity of vesicle bilayers at different negative charge densities at the surface was established, we focused our attention on the effects of vesicles with different POPC : POPG molar ratios on the HEWL structure and aggregation, by Circular Dichroism (CD) analysis and Thioflavin T (ThT) assay. CD analyses were carried out on vesicle-protein mixtures incubated at room temperature for different time intervals (20 min, 2 days and 30 days). A modification of the HEWL native structure upon incubation with 100% POPG and 10 : 90 POPC : POPG vesicles was clearly observed. Upon incubation, HEWL showed progressive modifications of the secondary structure ( Fig. 3a and b) . In particular, the CD spectrum obtained incubating 0.1 mg ml À1 HEWL with 0.25 mM pure POPG vesicles ( Fig. 3a) for 20 min indicated a transition from the native secondary structure to one with increased content of b-sheet suggesting that the protein underwent structural modifications at the vesicle surface. After 48 h of incubation, a CD spectrum typical of the presence of a-structure was seen, and this structure persisted unchanged until one month of incubation, indicating the stabilization of this kind of secondary motif for the protein. However 0.1 mg ml À1 HEWL behaved differently when incubated in the presence of 10 : 90 POPC/ POPG vesicles. In fact, in this case, the CD spectrum, initially indicative of b-structure, became characteristic of a-structure after 48 h of incubation and turned back to b-structure after one month of incubation (Fig. 3b) . No effects on the native secondary structure of the protein were observed when HEWL was incubated with pure POPC vesicles or with 90 : 10 POPC/ POPG vesicles (Fig. 3c) . Therefore the association of the protein with the bilayer, with possible insertion inside it, as monitored in terms of decrease of membrane fluidity, is accompanied by variation of the protein secondary structure. The type, extent and time evolution of such structural modifications is dependent on protein concentration. These data are in good agreement with previous studies on Ab, indicating different structural transitions of the peptide on the vesicle surface, where b-structure predominates favouring aggregation, or inside the bilayer, where a-helix becomes stabilized favouring the persistence of the monomeric state.
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HEWL aggregation upon incubation for one month at neutral pH in the presence or in the absence of vesicles with different POPC : POPG ratios was also investigated with Thioflavin T binding assays. Thioflavin T (ThT) is a fluorescent dye widely used to visualize and quantify the presence of amyloid aggregates. In fact, it binds selectively to b-sheet-rich structures, such as those found in amyloid aggregates, displaying enhanced fluorescence and a characteristic red shift of its emission spectrum. 0.5 mg ml À1 of HEWL was used in this assay to reduce the interference of large protein-vesicle aggregates with fluorescence readings. Under these conditions, HEWL did not aggregate in the absence of liposomes, whereas ThT fluorescence progressively grew in the presence of vesicles with increasing contents of POPG, suggesting the growth of ordered aggregates (Fig. 4) .
These data substantiate previous results indicating that high densities of negative charge on liposome surfaces favour the formation of mixed protein-vesicle aggregates. 53, 54 In particular, we found that HEWL incubation with 90% POPG vesicles resulted in enhanced ThT fluorescence as compared to HEWL incubated with pure POPG vesicles. Such evidence agrees with the progression of the CD spectra (Fig. 3b ) above reported and suggests that 90% POPG provides a density of negative charge that is optimal for fibril formation among the investigated POPG/POPC ratios. This finding can tentatively be explained hypothesizing that pure POPG vesicles carry an excess of negative charge that disturbs the charge equilibrium between protein molecules and the vesicle surface; as a consequence, the HEWL structure could be differently affected possibly favouring its ability to insert inside the bilayer thus reducing its propensity to generate inter-molecular interactions among similarly misfolded protein molecules.
Alternatively, the effect could be explained in terms of a different number of HEWL molecules recruited at the vesicle surface with modifications of the spatial arrangement and of the ability to oligomerize the misfolded protein molecules. If so, the optimal density of negative charge is mirrored by a density of HEWL molecules at the vesicle surface that is the best for protein aggregation. Lateral density of the adsorbed protein in controlling the protein self-association behavior was previously proposed.
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The structural modifications of both vesicles and proteins in the HEWL-vesicle system were imaged by Transmission Electron Microscopy (TEM) and Confocal Laser Scanning Microscopy (CLSM) under the different experimental conditions used for the previous experiments.
TEM pictures of POPC/POPG vesicles incubated with 0.05 or 0.1 mg ml À1 of HEWL were acquired using the same 0.25 mM phospholipid composition for CD experiments.
Pure POPG liposomes incubated with 0.05 mg ml À1 HEWL for 48 h showed an initial vesicle aggregation (Fig. 5a) , followed by an extended vesicle association and fusion after a prolonged incubation of 7 days (Fig. 5b) .
TEM images of pure POPG vesicles incubated for 7 days with a higher HEWL concentration (0.1 mg ml À1 ) showed the formation of diffused filamentous structures, most likely composed of protein/lipid aggregates (Fig. 5c) . Amyloid fibril-like structures coexisting with apparently amorphous materials were observed in 10 : 90 POPC/POPG liposome samples incubated for 7 days with 0.1 mg ml À1 HEWL (Fig. 5d) .
Electron microscopy allowed high resolution imaging but not in situ observation; moreover, it did not provide a recognition of protein and phospholipids in the final aggregates. This experimental limitation was overcome by Confocal Laser Scanning Microscopy (CLSM), where the choice of different and spectroscopically complementary tags allowed distinguishing protein from lipids. Therefore, we further investigated the HEWL-lipid interaction by CLSM using giant unilamellar vesicles (GUVs) of pure POPC or POPG labeled with the lipid probe 1-oleoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl}-sn-glycero-3-phosphocholine (POPC-NBD) and HEWL tagged with the 5-carboxytetramethylrhodamine (5-TAMRA) protein labeling kit. View Online GUVs, with a diameter ranging between 1 and 100 mm, with identical local arrangement as liposomes, i.e. lipid bilayers, can be used as realistic, even if simplistic, models of cell membranes to visualize membrane perturbations with optical microscopic techniques. 56 In fact, GUV interaction with HEWL was easily visualized by CLSM directly in solution, providing interesting insights into the aggregation mechanism. No protein-vesicle interaction occurred when 5-TAMRA-labeled HEWL was added to a pure POPC GUV solution, in agreement with the results previously obtained with liposomes. Fig. 6 clearly shows that the labeled protein is confined outside the vesicles, yielding a uniform green background, with no sign of locally increased concentration at the membrane.
This observation agrees with the above reported lack of both HEWL-vesicle interaction and significant changes of membrane fluidity in pure POPC liposomes incubated with the protein.
Conversely, HEWL induced aggregation is clearly visible in a series of CLSM pictures taken at different times, for negatively charged pure POPG giant vesicles. Fig. 7 shows a series of confocal images, obtained for fluorescent GUVs doped with 0.1% mol/mol NBD-POPC (green) after the addition of 5-TAMRA-labeled HEWL (red). It is important to remark that colours for NBD-POPC and 5-TAMRA-labeled HEWL in the images were chosen arbitrarily by the CLSM operator, and are not intrinsic characteristics of the probes. The initial interaction of HEWL with GUV membranes, which appears mostly red-stained by 5-TAMRA-labeled HEWL adsorption, can be clearly visualized from these images. The interaction promptly induced vesicle clustering as indicated by the arrows. Moreover, NBD-POPC accumulation at the junction areas between vesicles was observed. We therefore monitored the increase of NBD-POPC fluorescence for about 20 min after GUV aggregation. The results indicated that HEWL interaction with GUVs induced phospholipid extraction from the membrane, as shown in Fig. 7b by the increase of NBD-POPC fluorescence in the selected junction points (ROI 1: violet and ROI 2: green). Phospholipid extraction supports HEWL insertion inside the bilayer under these conditions. Similarly, CLSM images showed fusion and disruption of POPG GUVs labeled with POPC-NBD after the addition of a solution of unlabeled HEWL (Fig. 8) . This behaviour is in agreement with the results observed for POPG liposomes incubated with HEWL and discussed in the TEM section (Fig. 5b) .
Finally, we imaged the formation of extended filamentous structures of pure POPG GUVs labeled with 0.1% (molar ratio) NBD-POPC upon vesicle incubation with labeled HEWL for 7 days. Fig. 9 shows 3D confocal images of these structures showing that they are composed of both lipids (Fig. 9a) and proteins (Fig. 9b) . Protein-lipid co-localization within the filamentous structures is shown in Fig. 9c , which clearly indicates that an interaction between them does exist. Finally, fibril growth was further confirmed by incubating for 7 days HEWL with unlabeled POPG GUVs in the presence of Thioflavin T (ThT).
Confocal microscopy images of HEWL/POPG GUVs treated with ThT showed the formation of fluorescent ThT-labeled filamentous structures indicative of the amyloid fibril formation (Fig. 10) . Fig. 11 shows a proposed schematic model of the events arising upon HEWL interaction with negatively charged vesicles. The positively charged protein is attracted by electrostatic forces at the vesicle surface, where it undergoes misfolding and subsequent aggregation, a step clearly influenced by pH, ionic strength and lipid composition of the vesicles.
Depending on the density of charge at the vesicle surface, the protein can also penetrate, at least in part, inside the bilayer, where it is prevented from aggregating.
The presence of the surface-adsorbed protein molecules induces initially vesicle aggregation followed by lipid extraction, bilayer destabilization, vesicle fusion and subsequent disassembly.
Materials and methods
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1 0 -rac-glycerol) (POPG) and the lipid probe 1-oleoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl}-sn-glycero-3-phosphocholine (NBD-PC) were purchased from Avanti Polar Lipids (Alabaster, AL). All reagents were of analytical grade or the highest purity available. 1,6-Diphenyl-1,3,5-hexatriene (DPH) was purchased from Molecular Probes (Invitrogen). AnaTagÔ 5-TAMRA protein labeling kit was purchased from DBA Italia s.r.l. (Segrate, Italy).
Phosphate buffered saline (PBS), hen egg white lysozyme (HEWL), Thioflavin T (ThT) and other chemicals were purchased from Sigma (Milan, Italy) unless otherwise stated.
Liposome preparation
Lipid vesicles were prepared by the lipid film hydration method, followed by sequential extrusion. Appropriate amounts of concentrated lipid (POPC and POPG) stock solutions in chloroform were mixed and then diluted to 20 ml with a chloroform/ methanol blend (5 : 1, v/v). The organic solvent was removed using a rotatory evaporator.
The residual lipid film was kept under vacuum overnight, hydrated with buffer (10 mM sodium phosphate, pH 7.3) and vortex-mixed to produce multilamellar vesicles. The suspension was subjected to 10 freeze-thawing cycles to reduce multilamellarity and then repeatedly extruded through 100 nm (10 times) and 50 nm (10 times) polycarbonate membranes using a Lipex Extruder (Northen Lipids Inc.). Size and size distribution of each liposomal preparation were controlled by DLS.
Giant unilamellar vesicles
GUVs were prepared using the electroformation method originally developed by Angelova and Dimitrov.
57,58 A home-made chamber 56 was prepared by assembling two Indium Tin Oxide (ITO)-coated microscope slides separated by an O-ring spacer. The electrical connection with either side of the capacitor was obtained by directly attaching two Cu stickers on the conducting faces. The main reason for using ITO as an electrode is its transparency, so that the formation of giant vesicles could be easily observed using a microscope. The POPC and POPG solutions were dissolved in chloroform and a volume of 15 ml was spread on each conducting face of ITO-coated microscope slides and then dried under vacuum for at least 2 h to remove the solvent. An O-ring was positioned around the film, and the two slides were sandwiched to form a chamber where GUVs growth took place. Then the chamber was filled with 350 ml of a 0.25 M sucrose solution and equilibrated at room temperature. Finally, the chamber was connected to a function generator and a lowfrequency AC electric field (sinusoidal wave with a frequency of 10 Hz and amplitude of 2 V) was applied for 3 h. When GUVs growth was complete, as monitored by an optical microscope, the solution was gently removed from the electro-formation chamber and the samples were diluted with an iso-osmolar 0.25 M glucose solution. The density difference between the sucrose solutions inside and outside the vesicles leads to GUV deposition, favouring microscopic observation. Vesicles with 5-50 mm diameter were obtained by the electro-formation method.
Protein labelling
HEWL was labeled with 5-TAMRA (5-carboxytetramethylrhodamine) by using the AnaTag 5-TAMRA protein labelling kit (Ana Spec). This kit provides a convenient way to label proteins by using the succinimidyl ester reactive form of 5-TAMRA, which has a good reactivity and selectivity with the amino groups of the protein. The labeling process was performed following the standard protocol given by the provider. Further purification of the protein was done by dialysis in order to remove any excess of unreacted marker and to concentrate the HEWL solution by ultrafiltration.
HEWL-liposome and HEWL-GUV mixtures
HEWL was dissolved in 10 mM sodium phosphate buffer, pH 7.3, to a stock 2.0 mg ml À1 concentration. The liposome and lysozyme solutions were mixed to a 0. 25 ). In the case of GUVs, HEWL and 5-TAMRA-labeled HEWL were dissolved in 0.25 M glucose. The lysozyme and GUV solutions were mixed to obtain a lysozyme/lipid molar ratio of 2.8 Â 10
À5
.
Dynamic Light Scattering
DLS experiments were carried out on an apparatus described elsewhere. 59 The measurements were performed at 25 C on 0.5 ml samples previously transferred into disposable cells. For each sample the measurement was performed at the scattering angle q ¼ 90 corresponding to a scattering vector q ¼ (4pn/l) sin(q/2), where n is the refractive index of the medium, l is the incident laser wavelength and q is the angle between the incident light and the detector measuring the scattered intensity. In DLS experiments, the normalized time autocorrelation function of the scattered light electric field can be expressed as an intensityweighted sum of exponential decays, each related to the Brownian motions of a given aggregate size.
The experimentally measured autocorrelation function is given by
where A is the measured baseline, b the spatial coherence factor, and g 1 (q,t) the normalized electric field correlation function. For a dilute suspension of monodisperse particles, g 1 (q,t) decays exponentially with a decay rate G ¼ Dq 2 , where q is the magnitude of the scattering wave vector, and D is the translational diffusion coefficient, which is related to the hydrodynamic radius, R H , through the Debye-Stokes-Einstein relationship:
where h is the solvent viscosity and k B the Boltzmann constant. The analysis of the decay time distribution was carried out by the inverse Laplace transformation using the CONTIN method. 21 DPH is a neutral hydrophobic probe that distributes throughout the hydrocarbon region of the membrane bilayer. Any variation of membrane fluidity induces a modification of the DPH environment and hence of the DPH fluorescence polarization (P). An appropriate volume of a 0.4 mM DPH stock solution in ethanol was added to a preformed liposome suspension to obtain a lipid/DPH molar ratio ¼ 250. Then, the mixture was incubated for 1 h at room temperature before adding HEWL to obtain the different samples with 0.25 mM final lipid concentration. The samples were incubated for 2 h before measurements.
The fluorescence polarization of the samples was measured by a LS50B spectrofluorimeter (Perkin Elmer, Italy). The samples were excited with vertically polarized light (360 nm), and emission intensities (430 nm) both parallel (I k ) and perpendicular (I t ) to the excited light were acquired. DPH polarization was calculated using the following equation:
Membrane fluidity of the liposome-HEWL complex was reported as reciprocal of polarization (1/P).
Circular Dichroism
CD spectra were recorded on a J-715 Jasco spectropolarimeter with a 50 nm min À1 scan speed; data points were collected from 250 to 190 nm at room temperature with a 0.1 mm Hellma quartz cylindrical cell and 2, 10 mm Hellma quartz cells. The observed CD was converted into molar ellipticity that was normalized for path length, amino acid residues and HEWL concentration.
Thioflavin T assay 60 mL of the different types of lipid suspensions were withdrawn at different incubation times and mixed with 440 mL of 25 mM ThT in 25 mM phosphate buffer, pH 6.0. Sample fluorescence was measured at 25 C (440 nm excitation, 485 nm emission) in a 2 Â 10 mm path-length cell using a Perkin-Elmer LS 55 spectrofluorimeter (Wellesley, MA, USA) equipped with a thermostatted cell-holder connected to a Haake F8 water-bath (Karlsruhe, Germany).
Electron and confocal microscopy
Electron micrographs were acquired using a JEM 1010 transmission electron microscope at 80 kV excitation voltage. After incubation, the lipid suspensions were adsorbed onto Formvar/ carbon-coated 400 mesh nickel grids (Agar Scientific, Stansted, UK) by floating the grids onto 10 ml drops of the lipid-protein sample. Then the grids were blotted and, after drying, negatively stained with 2.0% (w/v) uranyl acetate (Sigma). After wicking off the excess stain, the grids were allowed to air-dry and observed under the electron microscope at a 15 000-30 000Â magnification. Confocal images were acquired using a DMIRE2 Confocal Microscope (Leica TCS SP2) with argon ion lasers and a water immersion objective 63Â/1.2 W (Zeiss). A 488 nm excitation and 498-550 nm emission wavelengths were used for the NBD-PC fluorescent probe. A 561 nm excitation and 620-700 nm emission wavelengths were used for the TAMRA fluorescent probe. Finally a 458 nm excitation and 470-700 nm emission wavelengths were used for the experiments in the presence of ThT.
Conclusions
Protein interaction with lipid surfaces modifies the physicochemical features of both components, resulting in the alteration of protein structure and in the perturbation of the lipid core in the bilayer. In particular, it is known that basic peptides and proteins are able to interact with negatively charged bilayers thus undergoing substantial structural reorganization as a consequence of the strong local negative potential that affects protein structural stability. 61 In the case of lysozyme-acidic phospholipid 6 systems, the negative electrostatic potential of the surface markedly weakens the electrostatic interactions contributing to the natively folded protein structure, favouring the structural disassembly of the protein. In addition, the positive charge carried by lysozyme at neutral pH reduces the local membrane potential and the intrinsic stability of the negatively charged liposomal-protein dispersion. At the same time, the protein insertion into the bilayer affects lipid ordering, resulting in a structural alteration of the membrane.
In this work we investigated these effects by using different concentrations of HEWL incubated with phospholipid bilayers containing different POPC/POPG molar ratios and hence with varying densities of surface negative charge. This approach was meant to discriminate between the effects induced by HEWL on the dispersion stability and those induced by the bilayer with different lipid compositions on HEWL misfolding and aggregation.
Our results indicate that HEWL displays a remarkable fusogenic activity on negative vesicles, above a threshold of negative charge density, resulting in vesicle destabilization and clustering into larger structures, eventually leading to vesicle fusion in about seven days. The CD data showed that, while the above process occurs, HEWL misfolds at the vesicle surface; this effect results in protein structural re-organization into more stable amyloid assemblies that most likely insert into the bilayer, as suggested by phospholipid extraction and membrane fluidity perturbation, and favours vesicle clustering/fusion. The complex effects of membranes on peptide/protein stability strongly depend on the physicochemical properties of the bilayer, including hydrophobicity, surface charge, curvature, density of packing and others.
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In brief, negatively charged vesicles attract cationic proteins (HEWL) onto their surfaces. The lipid membrane is an anisotropic environment that forces HEWL polypeptides to align and change their conformation so as to minimize the energies of interactions between polar and non-polar sites of protein and lipids. Concomitantly, the low dielectricity of the membrane also forces lysozyme to establish intramolecular hydrogen bonding by folding into a-structure, which leads to fusion between vesicles. After that, a slower process of aggregation and clusterization (oligomerization) leads to amyloid fibril formation.
61
In our case we only investigated the effects of the surface charge and found that its modulation affects HEWL destabilization and propensity to aggregate. In fact, HEWL displayed a different aggregation propensity in the presence of pure POPG or of 10 : 90 POPC/POPG vesicles, respectively, the latter being more efficient, as shown by the CD and ThT data. TEM images confirmed the different effect of pure POPG or 10 : 90 POPC/ POPG vesicles on HEWL aggregation. They also showed pure POPG vesicle clustering and then fusion in the presence of HEWL, generating fibrillar structures upon increasing the lipid : vesicle ratio. The lack of interaction of HEWL with pure POPC vesicles was confirmed by CLSM images; in contrast, the protein exhibited a fusogenic activity inducing aggregation of pure POPG GUVs with lipid extraction, as shown by the imaging of the fluorescently labeled probe at the junction areas between the vesicles, preceding vesicle fusion and disassembly into microvesicles. In particular, CLSM investigation allowed for the first time, to the best of our knowledge, the in situ observation of the HEWL/GUV fusion mechanism and the acquisition of 3D images of large filamentous structures, whose composition could be determined, indicating a protein-lipid co-localization.
Lipid withdrawal has been repeatedly demonstrated in natural and synthetic membranes upon interaction with monomeric proteins or their oligomeric aggregates, and it is indicative of bilayer destabilization preceding membrane permeabilization or vesicle aggregation.
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Overall, these considerations recall the behaviour of serum amyloid A (SAA), a family of acute-phase proteins whose plasma levels increase dramatically in chronic inflammatory diseases leading to its aggregation in multiple organs and tissues in AA amyloidosis. 64 SAA and some variants have been proposed to kill invading bacteria upon aggregating at their plasma membrane, a possible explanation of the role of this acute phase protein.
Accordingly a better knowledge of the molecular and physicochemical basis of lysozyme-membrane interaction and their consequences at the molecular level will be useful for possible pharmacological exploitation of this protein as well as for the search of molecules able to protect against lysozyme aggregation.
